The dependence of relative response factors on the carbon atom number related to naphthalene has been investigated in homologous series by using gas chromatography -mass spectrometry. Relative responses of some straight chain aliphatic n-alkanes and their halogenated derivatives (chlorine, bromine and iodine) were compared in the experiments. Linear correlations were found between the molecular structures; i.e., the carbon atom number and relative molar response in current homologous series. In conclusion, mass spectrometric detection combined with gas chromatography was less sensitive to n-alkanes than to their derivatives containing a chlorine, bromine or iodine atom. After n-alkanes, mass spectrometric responses increase in the order of 1-chloroalkanes, 1-bromoalkanes and 1-iodoalkanes. These results are in accordance with electron ionization cross section data for n-alkyl-derivatives. The relative molar responses of the individual CH 2 groups are between 0.171 and 0.178 in the homologous series. The increments of chlorine, bromine and iodine atoms to the relative molar responses are 0.081, 0.141 and 0.492, respectively.
Introduction
The application of mass spectrometric (MS) detection combined with gas chromatography (GC) and high-performance liquid chromatography (HPLC) separations is very popular and indispensable in daily analytical practice. This combination can provide required and sufficient analytical information, even about complicated samples. Qualitative information can be obtained by interpretation of mass spectra. The quantitative results can be originated from the measurement of the area under the gas chromatographic peak of the respective compound in the total ion current chromatogram (TIC). However, in both cases, particularly in quantitation, the use of suitable standard substances is important. Most are commercially available, but in many cases there are no standard materials of suitable quality in the market because they are difficult or impossible to synthesize. These are components of organic synthetic materials that are only present in the products of some technologies in one area percent quantity or fewer, but they have to be taken into consideration in the mapping of the contamination profile during product qualification. In this case, the question is how an MS response factor can be calculated based on chemical structure without an available standard when a quantitative estimation is required.
In flame ionization detection (FID), the effective carbon number (ECN) has a direct correlation between response and molecular structure of the compounds, which makes quantitation estimates of structural homologous possible (1, 2, 3) . The practical success of FID response estimation raises the need to investigate the functional connection between the molecular structure and the signal response for mass spectrometric detection. This is the focus of the current study.
Electron impact ionization (EI) ion source is typically used in GC-MS. For this technique, the component producing the ionic products is introduced into an energetic beam of electrons. The bigger ionization cross sections of the respective molecules, the higher probability that a sufficient impact of molecules and ion beam will be obtained. The cross section for the ionization of molecules or atoms can either be measured (4) or calculated. Concepts of the Deutsch-Mark formalism (5, 6, 7) have provided an efficient means for the determination of ionization cross sections. In addition to this semi-empirical model, there have been many attempts to model EI efficiency curves (the dependence of ionization cross section on electron energy) and theories for EI cross sections for atoms (4, 8) , neutral molecules (9) and molecular ions (10, 11, 12) . The Binary-Encounter-Bethe (BEB) model (10, 11) has successfully generated reliable total ionization cross sections of small and large molecules. However, the BEB model will require further refinements to expand its application to a wider class of molecules. Without experimental confirmation, these results can only be considered estimations. In the current study, model approaches were not utilized. The goal of our experiment was the determination of relative molar responses based solely on experimental data, according to analytical expectations.
The ionization cross sections of Alberti et al. (13) for n-alkanes and their derivatives were obtained by using the absolute value of the ionization cross section for argon from another experiment. Data can be found in literature for some hydrocarbons up to carbon atom number 6 (11, 14, 15) , fragments of DNA (16) , freons (17) and a few oxygenates (18) . Data obtained in this manner are not suitable for the determination of relative response factors in daily routine analysis.
Quantitative analyses for GC -MS require up-to-date information about the working of the system to calculate exact calibration curves for all compounds. There is an unbridgeable gap between the theories established for the determination of total ionization cross sections and the practice using the combined techniques. On one hand, the daily analytical results arise in part from measuring samples introduced directly into the mass spectrometer. On the other hand, the errors of GC -MS measurement can increase. To sum up, the use of ionization cross section data is more difficult than the relative molar responses obtained during daily routine analysis. Busch summarized the methods of quantitation in MS and directed our attention to some essential assumptions (19, 20, 21, 22, 23) . According to this article series, quantitative determination requires the targeted compounds to be available as pure certified reference standards.
To solve the problem of accurate quantitative analysis, the primary question to be answered is how the sensitivity and relative sensitivity (relative molar response as related to naphthalene) depends upon the carbon atom number for each carbon in the skeleton, and the number and the quantity of function groups to produce the TIC chromatogram. The addition of a CH 2 group causes the same increment for the cross sections in a series of the investigated compounds (13) . According to expectations, the relative molar responses change in the same way; thus, each compound in a homologous series can be determined by the known response of its other members. Based on this response principle of a homologous series, the response of the members of another series can be estimated when the correlation is known between the two groups. Many compounds do not have a homologous series response data available; however, correlations do exist and relative molar responses can be determined.
In this article, straight chain aliphatic alkanes and their halogenated (Cl, Br, I) derivatives have been investigated and compared with n-alkanes. The lists of compounds are shown in Table I .
Experimental
The concentrations of individual test compounds (straight chain aliphatic n-alkanes and their halogenated Cl, Br, I derivatives) were less than 10 mmol/mL in n-hexane solution. The concentrations were in linear range of the mass spectrometer. Mass measurements were conducted on a Shimadzu Libror AEL-40SM electronic analytical balance, and the mixed test solutions were investigated. In every case, naphthalene (Fluka, ! 99.7%) was used as an internal standard. Chemicals were analytical standards for GC from Fluka and Sigma-Aldrich. Each point of the results is the average of five consecutive measurements.
A Shimadzu GCMS-QP2010 gas chromatograph mass spectrometer connection with a Shimadzu AOC 5000 auto injector was used. Compounds were separated on a 30 m Â 0.25 mm i.d. Â 0.25 mm Zebron ZB-5 fused silica capillary column. Every measurement was performed under programmed temperature conditions: at 408C for 3 min, temperature rate was 108C/min up to 2808C, followed by a 9 min isothermal temperature part. The injector worked in split mode (split ratio 1:100) and its temperature was 3608C. The carrier gas was helium with a total flow of 163.0 mL/min, the flow rate on the column was 1.58 mL/min (linear velocity 45.4 cm/s) and the purge flow was 3.0 mL/min. The ion source temperature of the quadrupole mass spectrometer and the interface temperature was 2008C. Detector voltage was 1 kV and the electron energy applied to the system was 70 eV. The event scan time was 0.3 s. Taking the molecular weights of the investigated molecules into consideration, the mass scale was adjusted between mass to charge ratio (m/z) of 25 -360.
Results and Discussion
As in previous studies (18, 24, 25, 26) , at low pressures of EI experiments, the TIC is directly related to the ionization cross section, by the following equation:
is the total positive ion current, Q i is the ionization cross section, [n i ] is the concentration of sample molecules of species i, I e is the electron current and d is the ionization path length.
For the calculation of relative molar response (RMR, relative sensitivity) in the present experiments, the following formula was used (27) :
where RMR i is the relative molar response of the investigated compound (i) related to the naphthalene ( j), A i is the area under the peak of the compound in TIC chromatogram (mVs), A j is the area of naphthalene peak in TIC chromatogram (mVs), n i and n j are the concentrations (in mmol/mL or mmol) of the compound and naphthalene (in mmol/mL or mmol), respectively. Fundamental equations of quantitative analysis are: A i =S i n i and A j =S j n j , where S i and S j are the individual sensitivities of the sample molecules and naphthalene. Mass spectra display the peaks for the molecules according to the mass range adjusted. The instrument scans the mass range per 0.3 s during the data acquisition. Every point in the chromatogram consists of the sum of all absolute intensities for m/z. The as-prepared chromatogram reconstructed by the computer is the TIC chromatogram. The connection between the relative molar response and the ionization cross sections is as follows:
As indicated previously, the cross sections were measured relative to different rare gases. In the present experiments, the reference material is unvaried, which provided an opportunity for uniform relative response factors. The internal standard method is used to compensate for the loss of analyte during the sample inlet and to eliminate random differences influencing the efficiency of ionization. Naphthalene has a very stable molecular ion with a mass of m/z 128. Other fragments of naphthalene have a small influence on mass spectral reactions; in practice, their molecular ion abundance provides the TIC chromatogram. Thus, naphthalene is used as a stable reference material.
Investigation of halogenated homologous series
The mass spectra of saturated straight-chain n-alkanes are very similar. Unfortunately, it is very difficult to find out which compound is actually visible in a given spectrum. In most cases, only the chromatographic retention order provides differentiation. The stabilization processes after the ionization of the molecule leads to a series of small masses, and even to electron numbers containing fragment ions with the general formulas of C n H 2n -1 and C n H 2nþ1 (28) . The mass spectrum of n-nonane describing the fragmentation behaviour is shown in Figure 1 . The correlation between the relative molar responses of respective compounds and the carbon atom number (n) is linear, as shown in Table II and Supplementary Figure 1 . According to the fragmentations, the molecular ion plays only a minor part in the differences of relative molar response.
Alberti et al. (13) reported the ionization cross sections by electron impact for n-alkanes and their halogenated homologous series. A combined way to determine cross sections was chosen. First, the relative cross sections related to Ar were determined; then the absolute value was calculated, using the absolute cross section of Ar (this value was taken from the literature). The combination of the measured relative data and the actual non-measured cross section for Ar gives a systematic error. The present data were generated only from direct measurements. The individual relative intensities related to naphthalene were measured during the same experiment and the absolute cross section for naphthalene was not used. The relative molar response results determined in a different manner are in agreement with the tendency of values reported by Alberti et al. in Table III and Supplementary Figure 2 .
The highest values are given by 1-iodoalkanes, followed by 1-bromoalkanes, 1-chloroalkanes and n-alkanes in decreasing order according to the cross sections of halogen atoms substituted by hydrogen atoms. Table IV contains five consecutive measurements of 1-iodoalkanes, their means and their relative standard deviations (RSD). Other homologous series were calculated in the same way.
Alberti et al. (13) did not apply naphthalene as a reference material, so a direct comparison of slope data was not possible. However, some compounds were examined in common with his study and the current study. To compare cross section and RMRs with the current study's results, n-decane and its halogenated derivatives were chosen as temporary internal standards. By these means, the calculated data show slopes of lower value (0.082-0.092) than those values determined by the current study (0.099-0.128). These results are displayed in Table V . Despite the different bases from the two study measurements, the results were comparable. The current results display a higher relative sensitivity than those calculated by Alberti et al. (13) . The ion source was the same in both studies, but a quadrupole analyzer was used instead of the double-focusing mass spectrometer used by Alberti et al. (13) . Generally, quadrupole mass spectrometers provide lower resolution than double focusing instruments, but they tend to be more sensitive owing to the shorter ion pathway in the mass analyzer (higher ion transmission efficiency). These differences focus attention on the importance of experimental parameters. The use of cross sections or RMRs obtained from literature values will always need some correction due to different experimental conditions and instrumentation. The type of analyzer is only one parameter; ion source temperature, event scan time mass range and gas chromatographic setting may affect the values. Only the horizontal rows of Table V are comparable. The internal standard was varied along the vertical columns in this study; thus, any comparison will be in error. Differences between the slopes of homologous series from Alberti et al. (13) and these results were 0.033 (1-chloroalkanes), 0.036 (n-alkanes), 0.016 (1-bromoalkanes) and 0.017 (1-iodoalkanes). According to these differences, the relative molar responses of the CH 2 unit of n-alkanes and 1-chloroalkanes were approximately twice as high as 1-bromoalkanes and 1-iodoalkanes.
The RMR of the individual CH 2 group related to naphthalene has very similar values in the investigated homologous series. The slopes of the lines are between 0.171 and 0.178 in Table II . This means that the different halogen substitutions are indicated in differences between the intercepts of the lines. These differences are the increments of halogen atoms to the RMR of halogen-substituted n-alkanes. The value of this increment is as follows: chlorine is -0.324 -(-0.405) ¼ 0.081, bromine is -0.264 -( -0.405) ¼ 0.141 and iodine is 0.087 -( -0.405) ¼ 0.492 (Table II) . Based on these results, the additivity rule is valid for both halogen atoms and CH 2 groups in the cases of mono-substituted n-haloalkanes.
The investigated compounds in Figures 2 -4 show that the fragmentation patterns of halogenated compounds are very similar to the n-alkanes. This is why the RMRs taken as a function of the carbon atom number of n-alkanes and 1-iodoalkanes increase in the same way. The stream of vaporized sample molecules entering the ion source interacts with the beam of electrons to form a variety of products; first, the molecular ion, which is unstable in the cases of n-alkanes and alkyl halides. Thus, these ions do not take a prominent part in the mass spectra and the signal formations. The molecular ion of 1-iodoalkanes loses neutral and radical iodine in a quick step and the positive charged residue fragments as n-alkanes. The primary fragments and their ratios providing the gas chromatographic peak are the same in the related mass spectra (Figure 2) .
Bromine has higher electronegativity than iodine, which is why it prefers forming the bromide ion as the hydrogen bromide molecule to cleaving as a neutral radical. The residue after the cleavage of hydrogen bromide shows a fragmentation pathway similar to that of n-alkanes. However, another molecular ion stabilization process appears in parallel with the elimination reaction, which is the formation of C 4 H 8 Br þ with enhanced stability. The primary difference, shown in Figure 3, is the presence of m/z 135 (and m/z 137, according to the abundance of bromine isotopes). The other major parts of 1-bromoalkanes of the mass spectrum seem to follow the fragmentation patterns of n-alkanes. Due to the enhanced stability of m/z 135, the 1-bromoalkanes show higher relative response factors than the n-alkanes.
The mass spectra of 1-chloroalkanes show significant differences compared to n-alkanes. In addition to the characteristic fragments of n-alkanes, a specific mass forms in the ion source. Similar to 1-bromoalkanes, the molecules decompose in part by the loss of C 4 H 8 Cl þ of m/z 91. Due to the stability of m/z 91, the relative response factors are higher than those of n-alkanes, as in the case of former 1-bromoalkanes.
Regarding the 1-bromoalkanes, the sum of the absolute intensities of ions of only one mass spectrum without C 4 H 8 Br þ intensity, related to the total absolute intensity, is between 0.85-0.87. However, the situation is the same in the case of 1-chloroalkanes, but the values are slightly smaller, between 0.74-0.76, without C 4 H 8 Cl þ . The results of the additivity of RMR in homologous series lead to the expectation of future investigation and study of other families of compounds of more practical analytical importance to determine their RMR.
Investigation of polyhalogenated n-alkanes and n-alkenes
In connection with the investigation of homologous series, some polyhalogenated n-alkanes and n-alkenes were analyzed. In a previous study (26) , EI cross sections were measured for 62 hydrocarbons, fluorocarbons and halogen-substituted hydrocarbons. The ionization cross sections for these molecules indicate diversity and no correlation can be obtained either in the function of carbon atom number or the halogen atom number, which is because they belong to different homologous series. The interesting question is whether a correlation exists between other molecules. These compounds are summarized in Table VI It is an important observation that an additivity rule cannot easily be established. Due to the isomers, the addition of more than one chlorine, bromine or iodine atom does not mean permanent differences. Otvos and Stevenson set up the additivity rule for the determination of the molecular electron ionization cross section based on the cross sections of building atoms (18) . However, this rule contains numerous corrections considering the molecular bonds. Furthermore, the sum of the EI cross sections of atoms does not easily provide the molecular value. Similar to this problem, the MS responses of investigated molecules are not provided in a simple way.
According to the measurements of this study (and other not yet published results by this laboratory) and published literature data, the relative molar response and cross sections were not accurately predicted for polyhalogenated compounds. However, the relative molar response can be estimated with the assistance of other simultaneously measured compounds . In this way, the measurement conditions can be eliminated and the difference between the two RMRs would be constant. The measurement conditions remain an important consideration. The effect of experimental conditions upon RMRs is the topic of further study. 
